The decompaction and re-establishment of chromatin organization immediately after mitosis is 27 essential for genome regulation. The mechanisms underlying chromatin structure control in 28 daughter cells are not fully understood. Here, we show that a chromatin compaction threshold 29 in cells exiting mitosis ensures genome integrity by limiting replication licensing in G1 30 phase. Upon mitotic exit, appropriate chromatin relaxation is safeguarded by SET8-dependent 31 methylation of histone H4 on lysine 20. Thus, in the absence of either SET8 or the H4K20 32 residue, substantial genome-wide chromatin decompaction occurs which allows excessive 33 loading of the Origin Recognition Complex (ORC) in the daughter cells. ORC overloading 34 stimulates aberrant recruitment of the MCM2-7 complex that promotes single-stranded DNA 35 formation and DNA damage. Restoring chromatin compaction restrains excess replication 36 licensing and the loss of genome integrity. Our findings identify a cell cycle-specific mechanism 37 whereby fine-tuned chromatin relaxation suppresses excessive detrimental replication 38 licensing and maintains genome integrity at the cellular transition from mitosis to G1 phase. 39 40 65 the subsequent association of CDC6 and CDT1, which together coordinate the loading of the 66 MCM2-7 complex in order to form the pre-replication complex (pre-RC) required for replication 67 4 fork formation and activity. In metazoans, the absence of sequence specificity for ORC binding to 68 DNA indicates that the local chromatin environment, defined by nucleosome positioning and 69 histone modifications, might influence ORC recruitment to promote proper licensing of 70 replication origins 9, 10 . Whether chromatin compaction changes that occur from M to G1 phase 71 impact ORC chromatin association and the establishment of replication origins remains 72 unknown. 73 74 SET8, the mono-methyltransferase for histone H4 lysine 20 methylation (H4K20me) has 75 previously been shown to be important for cell cycle progression and maintenance of genome 76 integrity 11-14 . SET8 and H4K20me peak during G2 and M phases of the cell cycle, this prompted 77 us to investigate their involvement in chromatin compaction upon mitotic exit. Intriguingly, we 78 find that SET8 and H4K20me are crucial for maintaining a chromatin compaction threshold 79 during the cellular transition from mitosis to G1 phase, which suppresses aberrant DNA 80 replication licensing. Furthermore, we show that loss of genome stability follows aberrant 81 replication licensing. Together, our results uncover a key cell cycle specific mechanism whereby 82 chromatin structure limits DNA replication licensing and promote genome integrity throughout 83 the cellular transition from M to G1 phase. 84 85 128 digestion analysis (Fig. 1b) , we detected a significantly lower mean FRET efficiency in siSET8 129 cells in G1 phase, but not at G2/M phases, compared to siControl cells ( Supplementary Fig. 3c,   130 d). Consistent with these results, transmission electron microscopy analysis of siControl and 131 siSET8 cells also revealed a reduction in chromatin density throughout the nucleus in SET8 132 depleted cells in G1 phase (Fig. 1g, h ). Altogether these results indicate a major role for SET8 in 133 securing appropriate chromatin compaction during the cellular transition from mitosis to G1 134 phase of the cell cycle. 135 136 SET8 regulates chromatin compaction through histone H4 lysine 20 methylation
86
SET8 is crucial for maintaining ground-state chromatin compaction in cells exiting 87 mitosis 88 We hypothesized that SET8 could regulate chromatin structure when cells transit from mitosis 89 (M) to G1 phase. To test this, we first compared the chromatin compaction status of cells 90 arrested in M with those in G1 in the presence or absence of SET8 using micrococcal nuclease 91 (MNase) digestion assay. To avoid the deleterious impact of long-term SET8 depletion, we 92 depleted the enzyme for maximally 21 hours before harvesting cells ( Fig. 1a-c) . Cells were 93 simultaneously labelled with methyl-14 C containing thymidine during the experiment. After 94 MNase digestion, Methyl-14 C released into the supernatant was used as a measure of 95 compaction status of the cells ( Supplementary Fig. 1a ). The more decompacted and accessible 96 the chromatin is, the more methyl-14 C is released in to the supernatant. Notably, the compaction 97 state of both control and siSET8 cells in mitosis were very similar (judged by the amount of 98 methyl-14 C released in the supernatant) ( Fig. 1d ). In contrast, SET8-depeleted cells displayed a 99 higher level of methyl-14 C compared to control cells upon progression into G1 phase. This data 100 suggests that SET8 likely contributes to maintain ground state chromatin compaction in cells 101 exiting mitosis.
103
To complement the results obtained from MNase assay, we investigated the genome-wide 104 landscape of chromatin accessibility in G1 phase after SET8 depletion. We employed high 105 throughput sequencing-based assay of transposase accessible chromatin (ATAC-seq) 15 . To this 106 end, we synchronized and siRNA transfected cells as described in fig. 1a (without nocodazole 107 block) followed by harvesting cells in the following G1 phase. Supplementary Fig. 1b shows the 108 average distribution of ATAC-seq peaks in siSET8 vs siControl samples. Importantly, when 109 visualizing the global signal intensity ( Supplementary Fig. 1c ) and signal normalized to the 110 number of reads at individual loci ( Supplementary Fig. 1d ), it was evident that signal strength 111 6 was higher in siSET8 cells. These data are consistent with the overall loss of chromatin 112 compaction in the absence of SET8 as also observed in the MNase assay ( Fig. 1d ).
113
To further explore this notion in single and live cells, we performed quantitative analysis of 114 chromatin compaction at the scale of nucleosome arrays using a FLIM-FRET (Fluorescence 115 Lifetime Imaging Microscopy-Förster Resonance Energy Transfer) approach in synchronized 116 cells co-expressing histones H2B-EGFP and mCherry-H2B (named U2OSH2B-2FPs). FRET was 117 measured between fluorescent protein-tagged histones on separate nucleosomes, where an 118 increase in signal signifies chromatin compaction 16 . siRNA treated confluent cells were diluted 119 in presence of thymidine to synchronize them at the G1/S transition and FRET signals were 120 detected and spatially analyzed before and after release from the thymidine block. siControl and 121 siSET8 cells showed similar compaction profiles as judged by the FRET efficiency map at the 122 time of release from thymidine (T0) (Fig. 1e, f and Supplementary Fig. 2a-c) . In contrast, we 123 observed a significant reduction in FRET levels in siSET8 G1 phase cells, indicating a major 124 reduction in the levels of chromatin compaction of these cells compared to control cells ( Fig. 1e , 125 f). To further confirm that SET8 regulates chromatin compaction status in cells exiting mitosis, 126 we performed a similar FRET-based analysis and compared the chromatin compaction in cells 127 arrested in G2/M versus G1 cells ( Supplementary Fig. 3a, b ). In agreement with our MNase 7 SET8 is responsible for the methylation of histone H4 at lysine 20, which has previously been 138 implicated in chromatin compaction in in vitro assays 17 . Furthermore, H4-tail interaction with 139 an acidic patch on H2A/H2B histones on neighboring nucleosomes has also been suggested to 140 be important for maintaining ground state chromatin structure 18 . We therefore set out to 141 investigate if SET8 regulates chromatin compaction state through H4K20 methylation in cells.
142
To achieve this, we again used the FLIM-FRET approach, described earlier and transduced 143 U2OSH2B-2FPs cells with a high titer of retroviral vectors encoding a FLAG-tagged histone 144 H4 mutant carrying a lysine 20 to alanine substitution (H4K20A). Cells transduced with a virus 145 encoding a FLAG-tagged wild-type histone H4 (H4K20WT) and mock-transduced cells were 146 used as controls. After 3 days of viral transduction, FRET efficiency was detected and spatially 147 analyzed. Immunoblot analysis revealed that FLAG-tagged H4K20WT and H4K20A proteins 148 were expressed at similar levels and were efficiently incorporated into chromatin leading to a 149 marked decrease in the global levels of the mono-methylated H4K20 ( Supplementary Fig. 3e ).
150
FRET maps revealed a significant decrease in the FRET levels in cells expressing the H4K20A 151 mutant version of histone H4 as compared to mock and H4K20WT expressing cells ( Fig. 1i, j) . A 152 similar decrease in mean FRET percentage was observed in the case of histone H4 lysine 20 to 153 arginine (H4K20R) mutant expressing cells ( Supplementary Fig. 3f and g). Altogether, these 154 data strongly suggest that SET8 maintains ground state chromatin compaction via histone 155 H4K20 methylation.
157
Proper ground-state chromatin compaction in G1 phase is necessary for the maintenance 158 of genome integrity 159 SET8 has previously been shown to be critical for safeguarding genome stability as evident from 160 the appearance of DNA damage, cell cycle defects and early embryonic lethality in SET8 knock 161 out mice [11] [12] [13] 19 . Since we observed a notable decrease in chromatin compaction in cells exiting 162 mitosis in the absence of SET8, we investigated if loss of genome stability parallels compaction 163 status at this stage of cell cycle. To this end, cells were synchronized with a double thymidine 164 block, treated with SET8 or control siRNA, for 6 hours during the block and then released from 165 the G1/S transition before analysis for cell-cycle progression and the presence of DNA damage 166 ( Fig. 2a ). Our data revealed that cells lacking SET8 and H4K20me1 go through the first S-phase 167 without DNA damage and only display DNA damage upon mitotic exit. This DNA damage 168 accumulated as siSET8 cells approach S phase entry, as evidenced by flow cytometry profiles of 169 γH2A.X positive cells ( Fig. 2b-d and supplementary Fig. 4a, b ). In addition, we observed an 170 elevated γH2A.X nuclear staining ( Fig. 2e ) and the presence of DNA double strand breaks on 171 PFGE and neutral COMET assay in siSET8 cells (Fig. 2f, g and Supplementary Fig. 4c ). To further 172 investigate the relationship between chromatin compaction and genome stability, we analyzed, 173 in a similar experimental setup as for SET8, the genome integrity in the presence of a histone 174 deacetylase inhibitor (HDACi), which represents a well-known tool to induce genome-wide 175 chromatin relaxation 20, 21 ( Fig. 2a ). Short treatment of G1 phase synchronized cells with HDACi, 176 i.e. Trichostatin A (TSA), induced DNA damage ( Supplementary Fig. 4d -g) that is reminiscent of 177 DNA damage observed in the absence of SET8 ( Fig. 2b-e ). Taken together, these results indicate 178 that maintenance of chromatin compaction status during the cellular transition from M to G1 179 phase is critical for safeguarding genome integrity.
181
To verify that DNA damage upon loss of SET8 is not a consequence of improper mitotic 182 progression, we analyzed synchronized U2OS cells arrested in metaphase (using nocodazole) or 183 released into G1 phase ( Supplementary Fig. 5a ). Our results showed that both siControl and 184 siSET8 cells exit mitosis and enter G1 phase without notable delay and without any initial 185 measurable DNA damage. siSET8 cells, however, progressively accumulated γH2A.X in the 186 daughter cells ( Supplementary Fig. 5b ). The appearance of DNA damage in the daughter cells 187 correlates well with the role of SET8 and H4K20me in maintaining ground state chromatin 188 compaction in cells exiting mitosis. 9 Next, we sought to understand if SET8 maintains genome integrity through H4K20 methylation.
191
To test this, we developed doxycycline (DOX) inducible cell lines expressing either FLAG-HA 192 tagged wild type histone H4 (H4K20WT) or FLAG-HA tagged histone H4 mutant carrying a 193 lysine to alanine or arginine substitution at position 20 (H4K20A/R) (supplementary Fig. 5c) 
194
We double thymidine blocked these cells and released them into the cell cycle using our 195 standard protocol. Cells were fixed and stained for γH2A.X which revealed DNA damage 196 signaling in both H4K20A and H4K20R expressing cells as compared to H4K20WT expressing 197 cells ( Fig. 2h , i).
199

Forced chromatin compaction rescues genome integrity after SET8 depletion
200
To further understand the relationship between DNA damage accumulation and chromatin 201 structure, we addressed if the siSET8 phenotype could be rescued by inducing global chromatin 202 compaction. To achieve this, we used sucrose, which has been shown to induce molecular 203 crowding and promote highly reversible chromatin compaction 22, 23 . Consistently, in a similar 204 experimental setup previously described ( Fig. 2a ), the addition of sucrose in late mitosis 205 induced a more compact chromatin state as cells reached G1 phase ( Supplementary Fig. 6a-b ).
206
Secondly, we ectopically expressed RNF2, a component of the PRC1 complex, which can 207 compact chromatin independent of its ubiquitin ligase activity 24 . As expected, TEM micrographs 208 showed that RNF2 expression induced more compact chromatin in siControl and siSET8 cells 209 ( Supplementary Fig. 6a -c). To study the effects of chromatin re-compaction on genome stability, 210 we used a similar experimental setup as described earlier ( Fig. 2a ). In agreement with our 211 hypothesis, addition of sucrose effectively suppressed DNA damage in cells lacking SET8 ( Fig. 2j 212 and Supplementary Fig. 6c ). Similar to sucrose treatment, ectopic expression of RNF2 213 suppressed the challenge to genome integrity in siSET8 cells ( Fig. 2k and Supplementary Fig.   214 6d,e). Taken together, these results suggest that maintenance of genome integrity in cells exiting 
231
To test whether this increase in chromatin loading of pre-RC proteins is related to H4K20me, 232 we employed doxycycline (DOX) inducible H4K20WT or H4K20A expressing cell lines. Cells 233 were synchronized with double thymidine block as previously described ( Fig. 2a ). To induce the 234 expression of histone H4K20WT/A variants, DOX was added at the start of the experiment. Cells 235 were harvested at 15 hours post G1/S release and analyzed for levels of the ORC1 and MCM2 236 licensing markers. Our results revealed significantly higher levels of chromatin bound ORC1 and 237 MCM2 in cells expressing H4K20A as compared to H4K20WT expressing cells ( Fig. 3f -i). These 238 results strongly support the notion that SET8-mediated H4K20 methylation creates a chromatin 239 environment that limits the amount of ORC and MCM recruited on chromatin in G1 phase.
240
Accordingly, we also noticed that an increase in ORC1 and MCM2 staining in cells treated with 241 an HDACi (TSA) in a similar experimental setup ( Supplementary Fig. 7b-e ), suggesting that the 242 over-loading of these pre-RC components is caused by alterations in the levels of chromatin 243 compaction. Furthermore, MCM loading was significantly restricted when cells were treated 11 with sucrose-based hypertonic medium to induce a more compact chromatin environment ( Fig Supplementary Fig. 9a, b ). Conspicuously, reducing MCM7 protein levels inhibited the 281 challenge to genome integrity in cells lacking SET8 ( Fig. 4d, e ). Importantly, ssDNA levels were 282 also reduced after MCM7 co-depletion in cells lacking SET8 ( Supplementary Fig. 9b ). Fig. 4f and Supplementary Fig. 9c ).
292
Moreover, treatment of siSET8 cells with DDK inhibitor reduced ssDNA accumulation 293 ( Supplementary Fig. 9d ). These results support our hypothesis that chromatin structure plays 294 an important role in proper loading and timing of activation of licensing factors.
296
Finally, we sought to determine whether chromatin relaxation precedes DNA damage rather 297 than the alternative scenario where DNA damage leads to chromatin relaxation. To this end, we 13 performed MNase digestion of nuclei lacking SET8 and simultaneously treated with DDKi to 299 suppress MCM-dependent genome instability. The results revealed that siSET8 cells retained 300 their relaxed chromatin even in the absence of DNA damage ( Supplementary Fig. 9e ).
301
Collectively, these results suggest that abnormal chromatin relaxation precedes events that lead 302 to the loss of genome integrity.
303
DISCUSSION
304
Here, we identify a tightly regulated chromatin compaction threshold, whereby SET8-mediated 305 H4K20 methylation limits replication licensing (Fig 4g, h) . This ensures proper replication to 306 maintain genome stability through the cell cycle. These results provide a novel link between 307 cell-cycle specific chromatin structure regulation and genome integrity. 
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Triton X-100 (0.1%) was added, and the cells were incubated for 5 min on ice. Nuclei were 420 collected in pellet 1 (P1) by low-speed centrifugation (4 min, 1,300 × g, 4°C). The supernatant 421 (S1) was further clarified by high-speed centrifugation (15 min, 20,000 × g, 4°C) to remove cell 422 debris and insoluble aggregates (S2). Nuclei were washed once in buffer A, and then lysed in T0  T11  T13  T15  T18   T0  T18  T11   0 
